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Since the discovery of molecular resonances in 12C+12C in the early sixties a great deal of research
work has been undertaken to study α-clustering and resonant effects of the fusion process at sub-
Coulomb barrier energies. The modified astrophysical S∗ factors of 12C+12C fusion have been
extracted from direct fusion measurements at deep sub-barrier energies near the Gamow window.
They were also obtained by the indirect Trojan horse method (THM). A comparison of direct
measurements and the THM, which elucidates problems in the analysis of the THM, is discussed in
this Letter to the Editor.
I. INTRODUCTION
In the last decades, one of the greatest challenges in nu-
clear science is the understanding of the clustered struc-
ture of nuclei from both experimental and theoretical
perspectives. The role of cluster configurations in stel-
lar He burning is well established. One of the most ex-
citing topics of contemporary nuclear astrophysics is the
nature and the role of resonance structures that charac-
terize the low-energy cross section of the 12C+12C fusion
process which plays a very important role in a wide va-
riety of stellar burning scenarios such as massive stars,
type Ia supernovae and superbursts. One of the possible
scenarios of formation of Supernovae Ia is merging of the
binary system of two white dwarfs [1]. The outcome of
this merging scenario is controlled by the 12C+12C fu-
sion.
An extensive scientific discussion about this reaction
is underway in experimental investigations using direct
[2–7] and indirect THM [8] measurements. The stan-
dard 12C+12C reaction rate was established by Caughan
and Fowler [9]. Their simple extrapolation agrees rea-
sonably with some recent theoretical calculations, such
as CC-M3Y+Rep [10], TDWP [11] and barrier pene-
tration model based on the global Sa´o Paulo potentials
(SPP) [12], see Fig. 1, as well with sophisticated coupled-
channels calculations [13, 14] and recent Hartree-Fock
and time-dependent Hartree-Fock calculations [15]. We
note that the predictions based on the CC-M3Y+Rep
method are considered to be the upper limit of the
12C+12C fusion cross section [16, 17].
Guided by the experimental astrophysical S-factors
of the medium-heavy systems, a phenomenological hin-
drance model was developed in [18], which predicts that
the 12C+12C modified S∗-factor (its definition is given in
Section II) reaches its maximum as energy decreases and
then rapidly drops becoming by many orders of magni-
tude smaller than the standard rates used for astrophysi-
cal modeling. However, a new measurement in a different
system of 12C+13C confirms the trends predicted by the
TDHF, CC-M3Y+Rep and disapproves the prediction by
the hindrance model [19].
Recently the Trojan Horse Method (THM) has been
applied to determine the 12C+12C fusion S∗-factor at
energies below E = 2.7 MeV [8]. The THM S∗-factor
shows a profound rise in both α− and p− channels as
energy E decreases, which is much faster than any data
and models presented in Fig. 1.
In this Letter to the Editor, we compare direct and
indirect S∗ factors for the 12C+12C fusion. We eluci-
date three main problems regarding the THM results pre-
sented in Ref. [8] are: the THM S∗ factor does not agree
with the direct measurement[5]; the flat THM S∗ factor
at E > 2.2 MeV is dominantly contributed by the non-
THM mechanisms; the steep rise of the THM S∗ factor
as energy decreases is the result of using the plane-wave
approach in which Coulomb+nuclear interactions are ne-
glected.
II. COMPARISON OF DIRECT AND INDIRECT
DATA
The resonant structures at very low energies have still
been identified as molecular 12C+12C configurations in
the 24Mg compound nucleus [5]. However, the reaction
rate of this reaction is calculated using an average cross
section integrated over the molecular resonance compo-
nents.
Fig. 1 displays the S∗-factors of the 12C+12C fu-
sion. The 12C+12C has a complicated resonance feature
which continues all the way from the Coulomb barrier
energy down to the lowest measured energies.These res-
onances have a characteristic width of about 100 keV.
2Since there is no way to model the resonances in the
unmeasured energy range, the averaged modified S∗-
factors are used for extrapolation while the resonances
are treated as fluctuations. In the literature devoted to
the 12C+12C fusion is used the modified astrophysical
factor S∗(E) = σ(E)E exp(87.21√
E
+ 0.46E) [6], where E
is the 12C-12C relative energy, σ(E) is the fusion cross-
section.
The direct measurement [5] reported a strong reso-
nance at 2.14 MeV, which is the lowest achieved di-
rectly measured energy. This resonance could be ex-
plained by a formation of the 12C + 12C nuclear molec-
ular configurations in 24Mg and the α-cluster structure
of 12C. Based on the correlation between 12C+13C and
12C+12C, an upper limit is proposed for the 12C+12C
S∗-factors[16, 18, 19]. The resonance at 2.14 MeV ob-
served in [5] is 1.87σ higher than the upper limit.
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FIG. 1. (Color online) Total S∗ factors of the 12C + 12C fu-
sion. The 12C+ 12C data are from [2–7] shown as red rectan-
gle, green dots, magenta diamonds, blue triangles and brown
stars, respectively. Model calculations, CC-M3Y+Rep (thick
dark red) [10], TDWP (light blue) [11], SPP (oragen) [12] and
hindrance (blue dashed) [18] are also shown, respectively. The
recommended averaged S∗ factor by CF88 [9] is shown as red
dashed line. The THM [8] result and the fit are shown as black
lines. The uncertainty of THM S∗ factor is ±21% which is
not shown in the figure. This figure with direct, indirect data
and model calculations are taken from [21].
The Argonne results [7] appear to be in a qualitative
agreement with classical coupled-channel CC-M3Y+Rep
calculations in [10], TDWP calculations of [11], the bar-
rier penetration model of [12] and more recent theoreti-
cal investigations in [13]. Based on Fig. 1, it is evident
that the low-energy THM S∗ factor is several orders of
magnitude higher than the upper limit based on the CC-
M3Y-Rep calculations [19].
In Fig 2 is shown a comparison of the direct data
from [5] and [7] and indirect THM data [8] in the en-
ergy interval 2.1 − 2.7 MeV. However, such a flat oscil-
latory behavior of the THM S∗ factor at higher ener-
gies does not agree with the predictions obtained from
the THM mechanism with the Coulomb-nuclear distor-
tions [20] (see more detailed discussion in Section III).
While the direct data are more or less flat in the interval
2.16− 2.67 MeV with a possible single resonance at 2.14
MeV, the THM S∗-factor shows an opposite trend: a rise
as energy decreases from 2.67 to 2.1 MeV with explicit
resonance structures along the entire interval. Moreover,
the trend of the THM data at higher energies E > 2.1
MeV causes the main concern because such a trend can-
not be explained by the THM mechanism and can be a
result of the contribution of the non-THM mechanisms
(see [20] and discussion in Section III).
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FIG. 2. (Color online) Comparison of the direct data from
[5] and [7] with the THM data with the error bars [8] in the
interval 2.1− 2.7 MeV.
As we know, in the THM experiment [8] only the en-
ergy dependence of the S∗ factor was measured and its
absolute value was determined by the normalization of
the THM data to the direct ones in the energy interval
2.50− 2.63 MeV. Then, based on the data shown in Fig.
2 we calculated the χ2 test of the indirect THM [8] and
direct data from [5, 7] taking into account 19 points in
the energy interval between E = 2.16 and 2.7 MeV. The
uncertainty of the THM data is ±21% (see caption to
Fig. 1). The χ2 test is resulted in the reduced χ2 = 4.76.
Note that for χ2 > 2.226, the possibility of the coinci-
dence of data is only 0.1%. Based on this test, we claim
that the THM data disagree with the direct measurement
result in the range of E=2.16-2.7 MeV.
It is worth mentioning that the THM analysis mistak-
enly took the total S∗-factor of the direct measurement[5]
as the normalization data for the α1 channel. As a result,
the THM S∗-factors are about 30% higher than the total
S∗ obtained by the direct measurement. Even we correct
this mistake, the reduced χ2 is still 2.76.
One can argue that changing the normalization factor
of the THM data one can move down the THM S∗ factor
in the energy interval 2.16− 2.7 what would decrease the
reduced χ2. We manage to drop the reduced-χ2 to 0.72
by normalizing the THM result by a factor of 0.4. But in
the normalization interval 2.50 − 2.63 MeV it would re-
sult in the reduced χ2 = 1.67 increasing the discrepancy
between the THM and direct data in the energy interval
2.50− 2.63 MeV and especially at E < 2.16 MeV.
But a more serious problem with the THM data is
that the mechanisms contributing to the THM data at
E > 2.16 MeV are not identified in [8]. From Figs. 1
3and 2 we may conclude that both direct data and model
calculations disagree with the indirect THM data at en-
ergies below 2.2 MeV.
III. REVIEW OF THM S∗ ANALYSIS USED TO
EXTRACT S∗ FACTORS FOR 12C + 12C FUSION
The THM is a powerful and unique indirect technique
that allows one to measure the astrophysical factors of
the resonant reactions at low energies, where direct meth-
ods are not able to obtain data due to very small cross
sections. The method was originally suggested by Baur
[22] but became well known and one of the powerful in-
direct methods due to the leadership of Prof. Claudio
Spitaleri [23–25]. The criticism of the THM in this Let-
ter is not aimed to taint the whole method which demon-
strated its power in more than hundred publications. We
critically review only the analysis of the data in [8].
The THM resonant reaction a+A→ s+F ∗ → s+b+B
where a = (xA) is the the Trojan horse (TH) particle, is
described by the two-step mechanism in which the first
step is transfer reaction a+ A → s+ F ∗ populating the
resonance state F ∗ = x+A, and the second step is decay
of the resonance F ∗ → b + B. Thus, the THM reaction
is the process leading to three particles in the final state
making analysis of such a reaction quite complicated.
Special kinematical conditions should be fulfilled and
angular correlation data are needed to make sure that
the reaction is dominantly contributed by the resonant
THM mechanism. It allows one to extract from the
THM reaction an information about resonant binary
sub-reaction x+A→ F ∗ → b+B. In [8] were measured
the 12C(14N, d)(α + 20Ne) and 12C(14N, d)(p + 24Na)
reactions to obtain the S∗ factors for the carbon-
carbon fusion. In [8] was reported a sharp rise of
the astrophysical S-factor for carbon-carbon fusion
determined using the indirect THM. Here are outlined
the most important inconsistencies in the THM anal-
ysis and data from [8]. All the notations are given in [20].
1. To analyze the measured data Tumino et al. [8] used
a simple plane-wave approximation (PWA). This approx-
imation neglects the Coulomb interactions between the
fragments. The PWA follows from the more general
distorted-wave-Born approximation (DWBA) in which
the distorted waves are replaced by the plane waves and
can be used only if the PWA calculations provide a rea-
sonable agreement with DWBA ones. It is not the case
under consideration [20]. It has been demonstrated in
[20] that the rise of the S∗ factors at low energies seen
in the aforementioned work was an artifact of using the
PWA, which is not usable for the case under consider-
ation. It was shown that such a rise disappears if the
Coulomb (or Coulomb-nuclear) interactions in the initial
and final states are included. To support the statement
that the PWA cannot be used for the analysis of the THM
reaction under consideration, we present the excerpt from
the first work where the reaction 12C(14N, d)24Mg was
discussed [26]: ”.. the DWBA should provide a straight-
forward means to describe the dynamics of the reaction..”
Another very compelling evidence that the PWA should
not be used is presented in the pioneering work [27] where
the experimental angular distribution of the deuterons
from the THM reaction 12C(14N, d)24Mg at 33 MeV in-
cident energy of 14N. In this experiment the incident
energy was higher than in the THM experiment in [8].
Besides the excited bound state of 24Mg was populated
rather than the resonance state. All of these what makes
the energy of the outgoing deuterons higher than the
Coulomb barrier in the final d + 24Mg state (note that
in the THM experiment the energies of deuterons were
below the Coulomb barrier). Nevertheless, the exper-
imental angular distribution was flat and was perfectly
reproduced by the DWBA calculation, which agrees with
the DWBA calculation in [20]. Moreover, it follows from
[27] that the momentum distribution of the deuterons dis-
agrees with the one extracted in [8]. It casts doubt about
the mechanism measured in [8]. Note that the deuteron
angular distribution was not presented in [8]. The only
criterium used in the THM analysis to justify the PWA
was the deuteron momentum distribution. It worked for
lighter nuclei [24] but not in the case under consideration
in which different competing mechanisms do contribute,
such as 10B transfer from the 12C target to 14N or 8Be
transfer to 12C leaving 6Li in the resonance state decay-
ing into d + α channel. The angular correlations of the
final-state particles, which provide the most crucial infor-
mation needed to identify the reaction mechanism [27],
are missing in [8].
2. The THM double differential cross section (DCS) in
[8] does not correspond to the one described by the two-
step THM mechanism for the THM reaction 14N+12C→
d + 24Mg∗ → α(p) + 20Ne(23Na). The double DCS
for the THM mechanism is given by Eq. (39) from
[20]. Specifically, for the reaction under consideration
described by the THM mechanism, the energy of the
outgoing deuterons corresponding to the 24Mg resonance
energy at E = 2.1 MeV is Ed24Mg = 1.47 MeV while for
E = 2.6 MeV Ed24Mg = 0.97 MeV. Thus the deuterons
are well below the Coulomb barrier of 3 MeV in the sys-
tem d+ 24Mg. Hence, the DWBA DCS dσ
DWZR(prior)
dΩksF
of
the transfer reaction 14N + 12C → d + 24Mg∗, which is
the first step of the THM reaction, drops by two orders of
magnitude on the interval 2.1 − 2.64 MeV interval what
should lead to the decrease of the THM double DCS.
Hence, one can expect that as energy E increases the
non-THM mechanisms, which are background, should
dominate. These mechanisms were not identified (see
the discussion above). That is why we suspect that the
THM S∗ factor at E > 2.2 MeV was contributed by the
background (see Fig. 2).
3. Now we address to the comparison of the THM S
factors with the experimental ones. This discussion con-
cerns a general matter of the application of the THM
but is especially important for the application of the
4THM for heavier nuclei like the case under considera-
tion. The main advantage of the THM is the absence of
the Coulomb-centrifugal barrier in the entry channel of
the 12C− 12C. That is why in the THM one can observe
both low and high lxA resonances. There is the price one
pays for the absence of the barrier: the transferred parti-
cle x = 12C in the THM reaction is off-the-energy shell.
As the result in the double DCS appears the off-shell
factor
∣
∣WlxA
∣
∣
2
, see Eqs. (39) and (32) from [20]. This
off-shell factor can increase the contribution from high
spin resonances, which are suppressed in direct measure-
ments. In Fig. 3 is shown the off-shell factor
∣
∣WlxA
∣
∣
2
calculated for the 12C(14N, d)24Mg reaction at the inci-
dent energy of 14N 30 MeV and different lxA. The THM
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FIG. 3. (Color online) The upper panel: the off-shell factors
∣
∣WlxA
∣
∣2 for the THM reaction 12C(14N, d)24Mg as functions of
the 12C−12C relative energy E at the channel radius Rch = 5
fm calculated for 5 different 12C− 12C relative orbital angular
momenta lxA. Red dotted line - lxA = 0; magenta dotted
line- lxA = 2; blue dashed-dotted line- lxA = 4; green dashed-
dotted-dotted line- lxA = 6 and black solid line - lxA = 8. The
bottom panel: the ratio PlxA/(E)P0(E) of the penetrability
factors calculated as function of the energy E calculated for
the channel radius Rch = 5 fm and different lxA; P0 is the
penetrability factor for lxA = 0. The notations for the lines
are the same as in the upper panel.
brings two modifications to the DCS of the binary res-
onant sub-reactions x + A → F ∗ → b + B. It removes
the penetrability factor PlxA in the entry channel of the
sub-reaction and each partial wave is multiplied by the
off-shell factor
∣
∣WlxA
∣
∣
2
, which may significantly modify
the relative weight of the resonances with different lxA.
The selected channel radius Rch = 5 fm corresponds to
the grazing collision of two carbon nuclei. From the bot-
tom panel of Fig. 3 one can conclude that the dominant
contribution to the carbon-carbon fusion in direct mea-
surements at low energies comes from two partial waves:
lxA = 0 and 2. It is also confirmed by calculations in
[28]. However, in the THM the dominant contribution
comes from high spins. This effect is called kinematical
enhancement of higher spin resonances. In particular, in
[8] the resonance spins up to 6 were assigned at energies
below 1.6 MeV. The assigned in [8] spin 1− for the res-
onance at 0.877 MeV is a mistake because a resonance
with negative parity cannot be populated in the collision
of two identical bosons such as 12C nuclei. The differ-
ence between the low-energy resonance spins contributed
to the direct and indirect THM measurements should be
taken into account when comparing the direct and THM
S∗ factors.
4. Despite of the criticism of the analysis in [8] the exper-
imental THM double DCS reveals two strong resonances
at 0.88 and 1.5 MeV what is an undeniable achievement
of the THM because such low energies are not yet reach-
able in direct measurements. A strong resonance at 1.5
MeV, which is inside the Gamow window, is of a crucial
importance for the 12C − 12C fusion rates and will play
the same role as the ”Hoyle” state [29] in the triple-α
process of synthesis of 12C [30].
Note that the models using the global potentials in
[10, 11, 31, 32] can predict resonances only above E = 2.5
MeV (the TDHF calculations of [15] do not take into ac-
count any possible resonant behavior in the fusion pro-
cess). The THM data at low energies call for an improve-
ment of the theoretical models.
There have been predictions based on phenomenologi-
cal considerations of explosive stellar events such as su-
perbursts that suggest a strong 12C+12C cluster reso-
nance around E = 1.5 MeV in 24Mg that would dras-
tically enhance the energy production and may provide
a direct nuclear driver for the superburst phenomenon.
However, no indication for such a state has not yet been
reported in direct measurements in which the minimal
measured energy is E ≈ 2.1 MeV. Hence, the discovery
of two strong resonances at 0.88 and 1.5 MeV in the THM
data is an important contribution of this method in the
12C− 12C fusion research.
IV. CONCLUSION
A comparison of the direct measurements of 12C− 12C
fusion and the indirect THM data [8] is presented. We
found disagreements between the direct and THM S fac-
tors. We also outlined shortcomings in the THM analy-
sis. Moreover, the very recent direct data by Notre Dame
University [33] show even more stronger disagreement be-
tween the direct and the THM S factors from [8]. Taking
into account the critical importance of the 12C+ 12C fu-
sion in many astrophysical scenarios we can outline three
major problems to be solved in the near future:
1. Extending direct measurements below 2.1 MeV with
the final goal to reach 1.5 MeV. It would help us to bet-
ter understand the trend of the S∗ factors at energies
E < 2.1 MeV and resolve the question about the validity
of the hindrance model.
2. Perform new indirect measurements. One such prepa-
5ration is underway at the Cyclotron Institute, Texas
A&M University [34].
3. Improving of the theoretical models, which will be
able to predict the low-energy resonances detected in the
THM.
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